As there are frequent needs to install a micro wind turbine generator in a residential area, we have developed such a downwind-type turbine rotor having the following specifications: The rotor has the tip diameter of 1.5 m and three two-dimensional NACA0018 blades of 0.15 m chord whose material is light, soft and pliable foam plastic for perfect safety. From the wind tunnel test under the wind speed less than 14 m/s, it is clarified that the downwind turbine generator having soft blades has the low noise and the self-output-control characteristics, which are regarded as favorable for its actual operation. The latter feature is primarily attributed to bending and torsional elastic-deformation of the soft blade. The remarkable aerodynamic performances are summarized in this paper.
Introduction
Further utilization of wind energy has been strongly proposed from the aspect to actualize the low carbon society. In this case, the introduction of larger size wind turbine generator systems is desirable, since the cost-effective power generation will be possible. In some cases, such as unmanned observatories for polar research purposes, stable power supply around 10 W is expected by using a small size wind turbine generator (1) . Thus, both up-sizing and down-sizing technologies of wind turbine should be developed further (2) . There are frequent needs to install micro wind turbine generators within residential areas. In these circumstances, not only the aerodynamic performance but the safety of the wind turbine generator system is quite important. To meet this kind of demand, we proposed the usage of downwind-rotor blade made of a soft material (3) ( 4) . The power control is one of key functions for a wind turbine regardless of the size. An active pitch control of rotor blades, however, is only applicable for a large size turbine due to the cost. For those small size wind turbines, a passive stall-controlled rotor is usually used. Though the yaw control made by the tail vane has been widely used for upwind micro wind turbines, we now know that the high percentages of those machine troubles were caused by the vane due to their unsatisfactory maintenance (5) . This fact indicates that the downwind turbine is more suitable to be installed in a residential area than the upwind.
Based on the present technological situation mentioned above, we have been engaged in the research and development of micro downwind turbine generator having soft blades, which will be applicable to a stand-alone system like a wind/solar hybrid streetlight.
Test Wind Turbine Generator

Design Concept
A micro horizontal-axis wind turbine with three rotor blades (see Fig. 1 ) was developed from the following design concepts, which were derived from its application to such a hybrid streetlight installed in a residential area:
(1) A downwind turbine rotor is chosen to avoid various accidents caused by the tail vane. (2) To secure low acoustic noise and the perfect safety of wind turbine, the light, soft and pliable foam plastic (called as soft material) shown in Table 1 is used for the rotor blades. And the fail-safe function is assigned to the blades. (3) An untwisted (or two-dimensional) blade of constant chord is selected for the blade configuration so as to manufacture the rotor blade at low cost. (4) The section profile of NACA0018 is used, as the aerodynamic performance is well-known. (5) The rated output of 80 W at the wind speed of 8 m/s is assumed considering the application mentioned above. (6) Low rotational speed is desirable for the wind turbine from the viewpoint of acoustic noise and fatigue life. Thus, the design rotor speed of 400 rpm is chosen considering the performance of the electric generator. (7) The design tip speed ratio is set not at 6 ~ 7 but at 4 so that the rotor diameter of 2R = 1.5 m is selected. It is noted that those wind turbine rotors having the size less than 1.5 m do not give too much annoyance or uneasy feeling to the residents living nearby.
Major specifications of the developed wind turbine are summarized in Table. 2. 
Horizontal-Axis Wind Turbine Rotor
The aerodynamic performance of horizontal-axis wind turbine rotor was predicted by using the conventional blade-element momentum method (6) with the assumption of rigid blade under the Reynolds number of 1.6 x 10 5 . And three rotor blades having the chord length of 0.15 m and the aspect ratio of 4 were determined. Figure 2 shows the predicted performance curves of the rotor, which is shown in Fig. 1 .
From Figs. 1 and 2, YASKAWA SGMGH-09DCA61 model was selected as the present electric generator, the characteristic curve of which at the rated load (R L =15.8Ω) is shown in Fig. 2 using a black solid line. It is seen in the figure that the design performance of 80 W at 400 rpm (at 8 m/s) will be provided by the wind turbine, where the blade setting angle β of 15° is selected.
Fig. 2 Predicted performance (β = 15°)
Wind Tunnel and Test Method
The present performance tests of wind turbine were carried out by using the return type boundary layer wind tunnel installed in RIAM, Kyushu University (Wind Engineering Section). As the test section has the dimension of 3.6 m (W) x 2.0 m (H) x 15 m (L), the top and two side windows were opened to the atmosphere for minimizing the wall effect on the rotor-blade performance (see Fig. 1 ). It is noted that the turbulence intensity in the test section is less than 0.5 %. Two kinds of wind tunnel tests were carried out. One is the element test of wind turbine rotor conducted by using an AC torque motor, and the other is the test for a downwind turbine generator. Figure 3 schematically shows the test method in the latter case, where three fixed resistors of R L = 15.8 Ω were used as the rated load. After running the wind tunnel, rotational speed and generator outputs were measured at various prescribed wind speeds. LabView (7) ver.6.1 was used for data acquisition and processing in the present experiment, where the wind speed V in the test section was varied between 2 m/s and 14 m/s in an increment of 1 m/s generally.
As shown in Fig. 4 , two kinds of rotor hub were used. One is Y-hub and the other is disc-hub. In both cases, the aerodynamic center (A-center: 25% chord) or the geometrical center (G-center: 43% chord) was selectable as the fixed position of the blade on the hub.
To study the effect of coning angle φ  of rotor blades (see Fig. 3 ) in the element test, three Y hubs were prepared, namely, each having φ = 0°, 10° and 20°. Figure 5 shows performance curves for the wind rotor of β = 15°, φ = 0° and Y-hub (A-center) measured by the element test. It is seen that nearly the same performance as the prediction (see Fig. 2 ) was measured at the rated wind speed of 8 m/s, though the test blade was not rigid. As compared to Fig. 2 , an increment of output is suppressed in the range of wind speed higher than 8 m/s. This limited output is regarded as the feature of soft blades.
Results and Discussion
Aerodynamic Performance of Wind Rotor
As the coning angle (4) influences the aerodynamic performance of downwind turbine rotor and the behavior of the rotor blades, its effect on the performance associated with the fixed position of the blade is re-examined.
The typical results of Cp-λ characteristics are All the above will be related to bending and torsional elastic-deformation of soft blade (4) . Since the incidence angle of blade at low wind speed region increases due to the torsional deformation caused by the wind force, which is more dominant in the G-center case, the corresponding Cp is larger than that of the A-center.
It is noted that Fig. 6(a) is the non-dimensional representation of Fig.5 results.
Performance of Downwind Turbine Generator
Five power curves of the downwind turbine generator at the rated load condition (15.8 Ω) are shown in Fig. 7 , where the specification of each curve is as follows: The predicted power curve of curve 5 is derived assuming that the blade is rigid, as stated. We will be able to have the following notes from the figure: (1) In every test curve, acknowledged is the characteristic of passive stall control called self-output-control, though there were lacks of the data for high speed in curve 4. This favorable function of wind turbine is primarily caused by not bending but torsional deformation of blade according to the visual observation (see Fig. 8 ).
(2) Those test curves are almost identical macroscopically in the range less than each peak of power outputs. (3) Those electric power outputs are smaller than the prediction of rigid blade in lower speed range less than around 5 m/s, and they are larger than that of the prediction in the range between around 5 m/s and wind speed at the peak. (4) The performance of soft blade depends on the method to assemble the blades to the rotor hub greatly. From Item (3), we had better pay attention to the rather low performance of the present downwind turbine generator system in the range adjacent to the cut-in speed if its installation at a certain site is planned. 
Vibration Characteristics
To evaluate the configuration of downwind turbine generator from the viewpoint of machine life, a three-component miniature acceleration sensor was installed on the frame in the nacelle (see Fig. 9 ). Typical records of the signals from the sensor at V = 10 m/s are reproduced in Fig. 10 
Acoustic Noise
Measurement of acoustic noise emitted from the test turbine generator was conducted in the field test, whose site was near the sea coast.
As shown in Fig. 11 , a microphone was set downstream of the rotor at a distance of 1 m. Two kinds of blades were tested to study the relationship between the surface treatment of the blade and the noise. One is the blade made of foam plastic, and the other is the same blade but the one covered with thin plastic film. In Fig. 12 , measured data of A-weighted sound pressure level SPL A are plotted against the rotational speed of the wind turbine. It is seen that the naked surface of the blade made of the soft material has good sound absorption quality (8) . According to the frequency analysis, the major reduction is attributed to the turbulence noise.
If the measurement position of wind turbine noise is selected following IEC61400-11, it corresponds to the location 3.95 m from the tower along the ground. Thus, an attempt to predict SPL A at the standard location is made considering that the sound decay with distance is satisfactorily represented by the following Eq.(3). As ∆SPL A = 14 dB, it is suspected that SPL A of wind turbine noise at the standard location is around 38 dB(A) in the case of 330 rpm (, which corresponds to blade tip speed of 26 m/s). Consequently, the present downwind system has the feature of low acoustic noise. 
